Vibrio vulnificus multiplies rapidly in host tissues under iron-overloaded conditions. To understand the effects of iron in the physiology of this pathogen, we performed a genome-wide transcriptional analysis of V. vulnificus growing at three different iron concentrations, i.e., iron-limiting [Trypticase soy broth with 1.5% NaCl (TSBS) plus ethylenediamine-di-(o-hydroxyphenylacetic) acid (EDDA)], low-iron (1 g Fe/ml; TSBS), and iron-rich (38 g Fe/ml; TSBS plus ferric ammonium citrate) concentrations. A few genes were upregulated under the last two conditions, while several genes were expressed differentially under only one of them. A gene upregulated under both conditions encodes the outer membrane porin, OmpH, while others are related to the biosynthesis of amino sugars. An ompH mutant showed sensitivity to sodium dodecyl sulfate (SDS) and polymyxin B and also had a reduced competitive index compared with the wild type in the iron-overloaded mice. Under iron-limiting conditions, two of the TonB systems involved in vulnibactin transport were induced. These genes were essential for virulence in the iron-overloaded mice inoculated subcutaneously, underscoring the importance of active iron transport in infection, even under the high-iron conditions of this animal model. Furthermore, we demonstrated that a RyhB homologue is also essential for virulence in the iron-overloaded mouse. This novel information on the role of genes induced under iron limitation in the iron-overloaded mouse model and the finding of new genes with putative roles in virulence that are expressed only under iron-rich conditions shed light on the many strategies used by this pathogen to multiply rapidly in the susceptible host.
Vibrio vulnificus is an opportunistic marine pathogen that can cause a fatal septicemic disease in humans and eels (17, 43) . This estuarine bacterium preferentially affects individuals with underlying hepatic diseases and other compromised conditions, such as hemochromatosis and beta thalassemia. In humans, this pathogen frequently causes fatal primary septicemia with a very rapid progress, resulting in a mortality rate of Ͼ50% within a few days (17) . The common theme in susceptible individuals appears to be high serum iron levels; however, changes in the innate immune response in the host cannot be discarded (17, 19) .
Iron is an important element in almost all known organisms. In many bacterial pathogens, the ability to acquire this metal from the host is an important virulence factor (7) . Seminal work in Oliver's laboratory showed the importance of iron in V. vulnificus infections (74) , as the laboratory identified two siderophores, vulnibactin and a hydroxamate-type siderophore, both involved in iron acquisition (59) . Litwin et al. (32) (33) (34) 70) studied the role of the siderophore vulnibactin in the uptake of iron from transferrin and hemoglobin and identified genes involved in vulnibactin biosynthesis and transport as well as the heme receptor and Fur, a regulator that represses several genes under iron-limiting conditions (13) . More recently, Kim et al. (23) showed the involvement of two nonribosomal peptide synthetases in the biosynthesis of vulnibactin. V. vulnificus can grow in human serum only with transferrin at high iron saturation (6); however, Kim et al. (22) showed that nontransferrin-bound iron is required for the initiation of V. vulnificus growth. It is customary to use iron-overloaded mice in virulence studies with V. vulnificus to mimic the conditions found in susceptible individuals. Mice loaded with iron become highly susceptible to V. vulnificus infection, and the 50% lethal dose (LD 50 ) decreases dramatically, approximately 5 log, when mice are infected intraperitoneally (i.p.) (74) or subcutaneously (s.c.) (63) . However, in the latter case, the progress of the disease is slower than in i.p. infections (63) . Mice with or without iron overloading died when the bacterial concentration in the blood reached 10 5 CFU/ml or above, with iron increasing the growth rate of the bacteria, both in the animal and in vitro. Thus, the lethal concentration of bacteria can be reached faster in the iron-overloaded mouse model (19) . Starks et al. (62) showed that iron increased the replication of V. vulnificus in skin, but they also observed a reduction in susceptibility of some strains to being killed by animal defenses. There is also a correlation between utilization of iron from transferrin and virulence, in which the siderophore vulnibactin appears to play a role in infections in suckling mice (34, 70) and in normal mice (23) , where transferrin saturation levels are expected to be close to the normal range. However, the possible role of vulnibactin in the iron-overloaded mouse model was not evaluated directly, i.e., using specific mutants. Furthermore, the role of Fur and heme transport in the virulence of V. vulnificus in both animal models has not as yet been investigated.
In recent years, a number of virulence factors have been described for this pathogen (10, 24-29, 34, 35, 47-49, 75) . Since during infections iron plays an important role in the rapid replication of V. vulnificus, in this work we present the global transcriptional analysis of this bacterium growing under various iron concentrations to elucidate the basis for the increased replication as well as the relevance of several factors in the infection in the progress of the disease.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains and plasmids used in this work are listed in Table 1 . Bacteria were grown routinely in Trypticase soy broth with the addition of 1.5% NaCl (TSBS) (V. vulnificus) or in LB broth (Escherichia coli) supplemented with the following antibiotics, as appropriate: ampicillin (500 g/ml) and chloramphenicol (2 g/ml) for V. vulnificus and ampicillin (100 g/ml), chloramphenicol (30 g/ml), and kanamycin (50 g/ml) for E. coli. In some experiments, CM9 was used as a minimal medium (11) . When needed, 1.5% (wt/vol) agar was added. Thiosulfate-citrate-bile salts-sucrose agar (TCBS) Bioassays to determine utilization of iron sources. Bacteria were grown overnight in TSBS with the appropriate antibiotics and diluted 1/400 in TSAS (Trypticase soy agar with the addition of 1.5% NaCl) containing 250 M or 500 M EDDA. In these experiments, bacterial cells were included in the agar, and upon solidification, plates were spot inoculated with the different iron sources (see Table S2 in the supplemental material). After incubation of the plates at 37°C, halos of bacterial growth surrounding the locations of the spots indicated positive results. In these experiments, FAC, which does not require active transport, was included to confirm that the strain inoculated in the agar was viable. Vulnibactin was purified as described by Simpson and Oliver (59) , using supernatants of V. vulnificus cells growing in Chelex 100 (Bio-Rad, Hercules, CA)-treated CM9. The bacterial growth around each spot was monitored for 24 to 48 h after inoculation.
DNA manipulations and sequence analysis. Plasmids were prepared using a Qiaprep miniprep kit (Qiagen, Valencia, CA). Touchdown PCRs were performed with either Taq polymerase (Invitrogen, Carlsbad, CA) or Pfu Taq polymerase (Stratagene, La Jolla, CA), using the following conditions: 95°C for 4 min; 30 cycles of 95°C for 30 s, 63°C for 1 min (the temperature of this step was lowered 0.3°C for each cycle), and 72°C for 1 min; and a final extension step of 72°C for 10 min. Digestions and ligations were performed according to the manufacturer's instructions (New England Biolabs Inc., Ipswich, MA). DNA sequencing reactions were carried out by the Oregon Health and Science University (OHSU) Molecular Microbiology and Immunology Research Core Facility, using a model 377 Applied Biosystems automated fluorescence sequencer. Sequence similarities were analyzed with BLAST (2) .
Construction and complementation of V. vulnificus mutants. In-frame deletions of the entire coding sequences of genes were generated using splicing by overlap extension PCR (57) . Upstream and downstream regions (approximately 700 bp to 800 bp) flanking each gene were amplified with specific primers, and both fragments were mixed and ligated in a new PCR mixture with primers 1 and 2 for each gene (see Table S1 in the supplemental material). The amplified fragment was cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA), digested with appropriate restriction enzymes, and subcloned into the suicide vector pDM4, which was previously digested with the same restriction enzymes. E. coli S17-1pir transformed with the pDM4 derivatives was conjugated with V. vulnificus, and exconjugants were selected on TCBS agar with chloramphenicol. For the excision of the suicide vector, clones were incubated in the absence of chloramphenicol and plated on TSAS plates containing 15% sucrose. Those colonies that grew on these plates were screened for chloramphenicol sensitivity, and deletions within the genes of interest were confirmed by PCR. For the construction of the fur and ompH disruptant mutants, an internal fragment of each gene was amplified and cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA), digested with appropriate restriction enzymes, and subcloned into the suicide vector pDM4 as described above. E. coli S17-1pir carrying pDM4 derivatives was conjugated into V. vulnificus, and chloramphenicol-resistant exconjugants were selected on TCBS agar with the appropriate antibiotic. When needed, fur::pDM4 and ompH::pDM4 mutants were then grown in the presence of sucrose, and chloramphenicol-sensitive clones were checked for restoration of the wild-type gene by PCR, as described previously (35, 46) .
For the complementation experiments, each gene was amplified by PCR with primers containing restriction sites, as indicated in Table S1 in the supplemental material. The fragments were cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA), sequenced, and then subcloned into pMMB208 (42) under the control of the Ptac promoter, which is under the control of the lacI gene harbored in the vector. The constructs were transferred to V. vulnificus strains by triparental conjugation, using the plasmid helper pRK2013 (14) . In order to induce transcription of the cloned genes, 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to the solid and/or broth medium. For the complementation of the ⌬ryhB mutant with a wild-type copy of the gene in the lacZ gene locus, the ryhB gene was amplified with primers RyhBSalF and RyhBSalR, possessing SalI restriction sites, and cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA). A deletion of the lacZ gene from V. vulnificus was constructed in the pCR2.1 vector (Invitrogen, Carlsbad, CA) by using splicing by overlap extension as described above. Since primers LacZ3 and LacZ4 have SalI sites, the resulting plasmid was digested with SalI and ligated to a fragment containing the ryhB gene previously digested with the same restriction enzyme. The plasmid thus constructed, pLACRYHB, was digested with SpeI and XbaI, and the fragment of interest was isolated and cloned into pDM4 previously digested with SpeI. The pDMLR plasmid was conjugated into the ⌬ryhB mutant, and exconjugants were further grown in the absence of chloramphenicol and inoculated on TSAS plates containing 15% sucrose. Colonies obtained on those plates were screened for chloramphenicol sensitivity as described above. Positive clones were then analyzed by PCR to confirm the correct location of the ryhB gene in the lacZ locus.
RNA extractions. Strains were grown to an optical density at 600 nm (OD 600 ) of 0.6 to 0.8 (mid-log phase) in TSBS, TSBS with the addition of 250 g/ml FAC, and TSBS with the addition of 50 M EDDA. For the microarray analysis, three independent cultures of the cells grown in each medium were combined and treated as a single sample for the RNA extraction to minimize culture variation. Two samples per condition were used for the microarray analysis. Cells were centrifuged, and the pellets were resuspended in RNAWiz reagent (Ambion, Austin, TX). Total RNA was extracted from each strain according to the manufacturer's instructions. The quality of the RNA was assessed on an Agilent Bioanalyzer 2100 electrophoretic system, and 20 g was used in the synthesis of double-stranded cDNA. The primer employed for cDNA first-strand synthesis incorporates a 5Ј T7 promoter sequence that was used to synthesize biotinylated cRNA from the double-stranded cDNA, using a Megascript T7 kit (Ambion, Austin, TX). Following quantification, the cRNA was fragmented with metals and heat and was hybridized to a V. vulnificus CMCP6 NimbleGen array. When RNAs were extracted from cells growing in human serum, an overnight culture was diluted 1/100 in human serum containing 250 g/ml FAC. Samples were taken after 30 min, 4 h, and 6 h, and RNAs were extracted as described above.
Microarray, hybridization, and analysis. Microarray chips derived from the V. vulnificus CMCP6 genome were prepared by NimbleGen. After hybridization, the array was stained with fluorophore Cy3-streptavidin (Amersham) and scanned with an Axon/API scanner, and the data were extracted with NimbleScan software. By analysis of the genome sequence and annotation, 4,514 targets were identified over the two chromosomes of V. vulnificus CMCP6. Each target is represented on the array by 14 24-mer oligonucleotide pairs/gene. Each pair consists of a sequence perfectly matched to the open reading frame and another adjacent sequence with two mismatched bases, used for background and crosshybridization determination. Each probe was replicated three times. The oligonucleotide pairs were synthesized on the chip by use of a Maskless array synthesizer developed by NimbleGen. The chips containing the entire V. vulnificus CMCP6 genome were used in the hybridization experiments with the synthesized cRNA. Microarrays were scanned with an Axon Genepix 4000B scanner at 532 nm, with a resolution of 5 m. Further details about the design of the chips, labeling, hybridization, scanning, and analysis of the samples are available from NimbleGen. The data obtained were further processed using some tools available through the Bioconductor project (http://www.bioconductor.org), using quantile normalization (5) and gene calls generated using the RMA algorithm (20) , based on log 2 values. We subsequently analyzed the normalized data with GeneSpring 7.0 (Agilent Technologies, Palo Alto, CA) to identify differential gene expression in experimental and control samples. Genes with a Ͼ2-fold difference of expression between conditions and a P value of Ͻ0.005 were further analyzed and are described here. Adjustment for multiple comparisons was done using the software program q value (65), and after adjustment, the level of statistical significance was set at 0.005, as described previously (66) . The Institute for Genomic Research Comprehensive Microbial Resource was consulted for functional classification of each open reading frame (50) , as well as the database for annotation, visualization and integrated discovery (DAVID) (12) .
RPA. Internal fragments of analyzed genes were amplified by PCR, using the primers described in Table S1 in the supplemental material. In all cases analyzed in this report, probe lengths were between 150 nucleotides (nt) and 200 nt, while the probe for the loading control was 220 nt. Reverse primers were designed to contain the recognition sequence for the T7 polymerase. RNA probes were synthesized and labeled with [␣-32 P]UTP by using a MAXIscript SP6/T7 in vitro transcription kit (Ambion, Austin, TX). RNase protection assays (RPAs) were conducted using an RPAIII kit (Ambion, Austin, TX) according to the manufacturer's instructions. Briefly, RNAs were incubated with the indicated probes overnight at 42°C, treated with a mixture of RNase A and RNase T1 for 30 min at 37°C, precipitated, and resuspended in gel loading buffer II (Ambion, Austin, TX). The labeled RNAs were electrophoresed in urea-6% polyacrylamide gels that were then exposed for 4 to 24 h. In all experiments described in this report, the VV13021 gene, encoding a putative protein tyrosine phosphatase, was used as an internal control for loading since the transcription of this gene was similar under all the conditions analyzed.
RT-PCR. RNAs were extracted as described above and treated with DNase Turbo DNA-free (Ambion, Austin, TX) at 37°C for 1 h. cDNA synthesis was performed using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions, using the indicated primers. PCRs were performed using 2 l of each reverse transcription (RT) reaction mix. PCR parameters were as described above, and a control without reverse transcriptase VOL. 76, 2008 IRON REGULATION IN VIBRIO VULNIFICUS 4021 enzyme in the RT reaction mix was used for each PCR. Fragments were resolved by electrophoresis on agarose gels. RLM-RACE. RNA ligase-mediated rapid amplification of cDNA ends (RML-RACE) can distinguish between primary 5Ј ends and those generated by processing (3). We used this method as described previously (3), with modifications. RNAs from wild-type CMCP6 were extracted and treated with DNase Turbo DNA-free (Ambion, Austin, TX) as described above. The DNA-free RNA was purified using RNeasy spin columns (Qiagen, Valencia, CA), and 10 g was used in subsequent reactions. RNAs were treated with tobacco acid phosphatase (TAP), and ligation of 5Ј RNA adapters to the 5Ј-terminal ends was carried out using a FirstChoice RLM-RACE kit (Ambion, Austin, TX) according to the manufacturer's instructions. The method is based on the fact that primary transcripts in bacteria carry a 5Ј-triphosphate, which is hydrolyzed by TAP specifically between the ␣-and ␤-phosphate groups. TAP-untreated control reactions were performed, replacing the TAP with nuclease-free water. RT was carried out with primers 42R for VV10842 and RYHBREV-2 for ryhB, using 2 l of the adapterligated RNA and SuperScript II (Invitrogen, Carlsbad, CA) reverse transcriptase in a final volume of 20 l. The cDNAs thus obtained were subsequently used as a template in a PCR with an adapter-specific 5Ј-RACE outer primer (Ambion, Austin, TX) and a gene-specific primer (42BAM for VV10842 and RYF for ryhB). PCRs were performed as described above, and the products were analyzed in 2% agarose gels. Fragments obtained exclusively in the TAP-treated samples (5Ј ends resulting from transcription initiation) compared with the TAP-untreated samples (5Ј ends resulting from initiation and processing) were purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA), cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA), and sequenced.
Overexpression and purification of the V. vulnificus Fur(His) 6 protein. The DNA fragment coding for Fur was amplified using primers FurVVF and Fur-VVR and cloned into the expression vector pET200 (Invitrogen, Carlsbad, CA). A recombinant plasmid, pETFUR, with the correct sequence was used for expression of the Fur(His) 6 protein in E. coli BL21(DE3) Star. One hundred milliliters of LB supplemented with kanamycin was inoculated with an overnight culture of the strain harboring the pETFUR plasmid, and when the OD 600 reached 0.6, 1 mM IPTG was added to induced the expression of the Fur(His) 6 protein. The culture was incubated for another 4 h at 37°C, centrifuged, washed, and resuspended in lysis buffer (50 mM Na 2 HPO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0). Cells were sonicated and centrifuged, and the supernatant was passed through a Ni-nitrilotriacetic acid resin (Qiagen, Valencia, CA) according to the manufacturer's instructions. Elution from the column was carried out using lysis buffer with the addition of 250 mM imidazole. After elution, the protein was dialyzed overnight at 4°C against buffer A (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM MgCl 2 , 2 mM dithiothreitol, 10% glycerol), and the protein concentration was determined with a bicinchoninic acid assay kit (Pierce, Rockford, IL). The protein was aliquoted and stored at Ϫ80°C.
Gel mobility shift assay. The gel mobility shift assay was performed using a second-generation digoxigenin gel shift kit (Roche, Indianapolis, IN). DNA fragments were amplified by PCR and 3Ј end labeled with digoxigenin-11-ddUTP, using terminal transferase as described by the manufacturer. After the labeling efficiency was determined, each of the labeled probes (4 nM) was incubated with increasing amounts of the Fur(His) 6 protein in binding buffer [10 mM bis-Tris-borate, pH 7.5, 100 g/ml bovine serum albumin, 5% (vol/vol) glycerol, 40 mM KCl, 1 mM MgCl 2 , 100 M MnCl 2 , 1 g poly(dI-dC)] and incubated for 15 min at room temperature. For competition experiments, 4 nM of the labeled probe was incubated with 100 nM of Fur(His) 6 in the presence of increasing amounts of the unlabeled specific probe. Samples were separated in 5% polyacrylamide gels polymerized in the presence of 20 mM bis-Tris-borate, pH 7.5, and 100 M MnCl 2 , as described previously (8), and run in the same buffer for 90 min at 110 V. The DNA-protein complex was transferred to a positively charged nylon Hybond Nϩ membrane (GE Healthcare, Piscataway, NJ), and the chemiluminescent signal was detected according to the manufacturer's instructions (Roche, Indianapolis, IN).
␤-Galactosidase assays. The upstream regions of the VV10842 (TonB3 cluster), VV21614 (TonB1 cluster), and VV20364 (TonB2 cluster) genes were amplified with primers 42BAM-42PST, T1SAL-T1XBA, and TB2XBA2-TB2XHO2, respectively, cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA), sequenced, and subcloned into the pTL61T vector previously digested with the corresponding restriction enzymes, generating the plasmids p42TL, pT1TL, and pT2TL, respectively. The empty vector and plasmids thus constructed were transferred to the V. vulnificus ⌬lacZ wild-type strain by triparental conjugation. Bacterial strains harboring the plasmids described above or the empty vector were grown under the conditions shown in Fig. 4 . One hundred microliters of each culture was centrifuged, resuspended in the same volume of buffer Z, and used in the assay. ␤-Galactosidase activities were determined as described previously (39) . Due to the turbidity of the human serum used in this work, when samples obtained from this source were analyzed, the CFU/ml counts at each time point were used instead of the OD 600 values to normalize the ␤-galactosidase activities.
Virulence experiments. Overnight cultures were diluted 1/100 in 10 ml TSBS and incubated for 4 h before 1 ml of the cell suspension was centrifuged, washed, and serially diluted in phosphate-buffered saline (PBS). For LD 50 experiments, five 4-to 6-week-old CD-1 mice (Charles River Laboratories, Wilmington, MA) per dilution were injected i.p. or s.c. with 0.1 ml of a dilution of the strain of interest. At least three serial dilutions for each strain were evaluated. For iron overloading of the animals, 900 g of FAC was injected i.p. 30 min prior to the bacterial challenge (24, 74) . For LD 50 studies, mortality was monitored at 48 h postinfection. The standard error of the LD 50 was calculated by using probit analysis (15, 40, 71) . The 95% confidence limits of the LD 50 were determined according to the following formula: LD 50 Ϯ 1.96 ϫ standard error of the LD 50 (71) .
For competitive index (CI) experiments, we first constructed a ⌬lacZ strain and compared its CI with that of the wild type to confirm that both strains behaved similarly in the host. Experiments were performed as follows. Bacterial strains were cultured as described above, and then equal volumes were mixed and serial dilutions performed. A dilution (usually containing ca. 200 to 600 CFU) was injected s.c. into three to six mice. Animals were checked approximately 10 h after inoculation, and when they showed signs of the disease (e.g., lethargy, slow movements, and lack of appetite), they were euthanized with CO 2 according to IACUC regulations. Skin samples (one square centimeter around the inoculation site), spleens, and livers were aseptically extracted and homogenized by using a Seward stomacher lab blender in the presence of PBS (1 ml for skin and spleen and 2 ml for liver). Serial dilutions were performed in PBS, and the dilutions were plated on TSAS-5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (TSAS-X-Gal) (0.004%, wt/vol) plates to determine the CFU of the strains under analysis. CI values were obtained as described previously (68) . Statistical analysis was performed by using the Student t test with GraphPad Prism 4.0 software.
Determination of total serum iron, total iron-binding capacity, unsaturated iron-binding capacity, and transferrin saturation. Human serum samples from at least two healthy donors were pooled, heat inactivated, centrifuged, divided into aliquots, and stored at Ϫ80°C. Serum iron, unsaturated iron-binding capacity, total iron-binding capacity, and transferrin saturation values were obtained by using the bathophenantroline protocol according to the method of Goodwin et al. (16) . In some cases, FAC was added at the concentrations indicated, and parameters were measured as described above.
SDS and polymyxin B resistance. For SDS resistance, V. vulnificus cells were grown overnight in TSBS at 37°C and diluted 1/100 in TSBS with the addition of various concentrations of SDS. TSBS without the addition of the detergent was used as a control. After 2 h of growth at 37°C with shaking (200 rpm), the OD 600 was determined and the percentage of SDS resistance expressed as follows: (OD 600 of sample/OD 600 of TSBS sample) ϫ 100. Polymyxin B resistance experiments were conducted as described by Chen et al. (10), with modifications. V. vulnificus cells were grown in TSBS, harvested at the mid-log phase of growth, centrifuged, and resuspended in TSBS, with or without the addition of polymyxin B (20 g/ml). Cells were incubated and CFU monitored from samples taken at the specified times. The percentage of survival was expressed as follows: (CFU/ml of sample/CFU/ml of TSBS sample) ϫ 100.
Microarray data accession number. The microarray data have been deposited in the NCBI Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm .nih.gov/geo/) under GEO Series accession number GSE10633.
RESULTS
Analysis of global gene expression of V. vulnificus growing at various iron concentrations. Since one of the hallmarks of infections by V. vulnificus is the high iron concentration encountered by the bacterium in susceptible patients, we initiated our analysis by comparing the transcriptomes of this bacterium growing at various iron concentrations, i.e., under iron-limiting conditions (TSBS plus 50 M EDDA), low-iron conditions (1 g Fe/ml; TSBS), and iron-rich conditions (38 g Fe/ml; TSBS plus FAC at 250 g/ml). The iron concentrations of at least two different batches of TSBS were determined by inductively coupled plasma mass spectroscopy. From the results of these experiments, we classified the genes with altered expression into the following three main groups: those induced (i) under iron-limiting conditions, (ii) under both iron-rich and low-iron conditions, and (iii) under either iron-rich or low-iron conditions. Genes belonging to group i. (i) The tonB systems. One hundred twenty-eight genes were specifically induced under ironlimiting conditions compared with those in the samples obtained from cells growing in TSBS and TSBS plus FAC. Genes grouped in this category belong to some very well-described determinants involved in iron acquisition in this and other pathogens. The cluster of genes that includes those involved in vulnibactin biosynthesis and transport was highly induced, as were the two clusters of genes coding for proteins belonging to the TonB1 (VV21614) and TonB2 (VV20360) complexes (Table 2), which are involved in energy transduction from the inner membrane to the siderophore receptor present in the outer membrane. It is of interest that a third cluster with genes that show similarity to those in another TonB cluster (VV10842 to VV10848; named TonB3 here) did not show any change in transcription at the iron concentrations analyzed. Expression of the three tonB genes was also analyzed by using RPA experiments. We detected increases in the levels of specific mRNAs from the tonB1 and tonB2 genes under ironlimiting conditions, confirming the results obtained in the microarray analysis (Fig. 1A and B, compare lanes TE with lanes T and TF). Furthermore, both the tonB1 and tonB2 clusters are under the control of Fur, as determined by RPA (Fig. 1A and B, compare lanes T and TF for the wild type with lane TF for the fur::pDM4 mutant). For some unknown reason, the expression of the tonB1 gene in the fur::pDM4 mutant in TSBS (low iron) was lower than that in TSBS plus FAC (iron-rich conditions). In agreement with the microarray results, we did not detect tonB3 transcripts under either of those conditions (Fig.  1C) . Purified Fur(His) 6 can bind to the promoter region of each cluster, as determined by gel shift experiments ( Fig. 2A  and B) . We then analyzed the specificities of the three TonB systems, using iron source utilization bioassays, as well as their role in the virulence of V. vulnificus, using LD 50 and CI experiments. It was also observed in Vibrio cholerae (56) and Vibrio anguillarum (67) that the tonB1 and tonB2 systems have redundant functions in the transport of some iron compounds (heme, vulnibactin, and iron from transferrin and hemoglobin) (see Table S2 in the supplemental material), as detected using iron utilization bioassays. When the virulence of the corresponding mutants was analyzed by determining the LD 50 in both animal models, i.e., those with normal iron levels and those overloaded with iron, we found that a double mutation (⌬tonB1 ⌬tonB2) was needed to obtain a significant increase in the LD 50 value compared with that of the wild type in the normal mouse model (Table 3 ). In the case of the iron-overloaded mouse model, there was a smaller change in the LD 50 s of the double ⌬tonB1 ⌬tonB2 and triple ⌬tonB1 ⌬tonB2 ⌬tonB3 mutants, but the death kinetics were significantly different from that of the wild type (see Fig. S3 in the supplemental material), suggesting a role for these systems in infection even under iron-rich conditions in the animal. The experiments described above were conducted using i.p. injections, by which V. vulnificus can reach the bloodstream very quickly. Starks et al. (63) have shown that s.c. injections are not only more sensitive for the analysis of virulence in this bacterium but also resemble more closely the route of infection observed in wounds. Thus, we used the s.c. route with some of the mutants described above, observing an important change in the LD 50 values only for the double ⌬tonB1 ⌬tonB2 and triple tonB mutants in the iron-overloaded mouse model (Table 3) . These results are in agreement with the in vitro bioassays described above, showing the relevance and redundancy of the TonB1 and TonB2 systems in iron transport. We also performed CI experiments between a ⌬lacZ strain and a triple tonB ⌬venB mutant. Since the venB gene is involved in vulnibactin biosynthesis (34), we included the venB mutation in this strain to avoid the cross-feeding of the wild type with vulnibactin produced by the mutant, since it has been reported that cross-feeding by a siderophore can occur in vivo inside the host (73) . As shown in Fig. 3 , the wild-type strain outcompeted the quadruple mutant, even in skin (P Ͻ 0.0001 for all organs analyzed), underscoring the relevance of the tonB systems for the growth and/or survival of V. vulnificus in the first steps of the infection.
We then explored the importance of vulnibactin and heme uptake in the iron-overloaded mouse model by using s.c. inoculations, since the virulence of the venB mutant was previously determined intragastrically in mice with normal iron levels (34) . In the iron-overloaded mouse, the ⌬venB mutant showed a similar increase in the LD 50 to that observed for the tonB mutant (Table 3) ; however, the ⌬hupA (heme receptor) mutant showed an LD 50 value similar to that of the wild type (Table 3) . It is important that this is the only heme receptor in V. vulnificus (32) . These results support the idea that vulnibactin is the major iron chelator during infections, even in the iron-overloaded mouse model. The ⌬venB mutation did not show any significant change in the LD 50 value for i.p. infections with the same animal model (Table 3) , underscoring the importance of the route of inoculation when this virulence factor is evaluated.
Although the TonB3 and TonB2 proteins share similarities (49% similarity and 27% identity), the gene arrangements of the two clusters are different. In the TonB3 cluster of genes, the first gene (VV10842) codes for a putative outer membrane receptor that is not present in the TonB2 clusters present in V. vulnificus (VV20360) and V. cholerae (56) . Mutants in the VV10842 gene as well as in tonB3 did not show any phenotype in bioassays (see Table S2 in the supplemental material), indicating that under iron-limiting conditions the tonB3 system is not involved in the transport of any iron-related product analyzed, which is in accordance with the absence of transcription of this cluster under those conditions (Fig. 1C) . To address the conditions under which tonB3 could be expressed, we constructed a fusion between the putative promoter region of the cluster located upstream of VV10842 and the promoterless lacZ gene present in the pTL61T vector. The plasmid thus obtained was conjugated into the ⌬lacZ strain, and ␤-galactosidase activity was analyzed under different growth conditions. When FAC, holo-transferrin, apo-transferrin, ferritin, heme, nickel, and zinc were tested as possible inducers, we did not observe increases in ␤-galactosidase production, suggesting that none of these compounds was responsible for the activation of this cluster (see Fig. S4A in the supplemental material) . Recently, it was described for Neisseria gonorrhoeae that an outer membrane protein that belongs to the TonB-dependent transporters was induced when the bacterium was grown in the presence of host cells or bovine serum (18) . Since V. vulnificus can grow in human serum with high levels of transferrin saturation (6) (see Fig. S4B in the supplemental material), we tested the strain carrying the lacZ fusion by growing the cells in TSBS and then transferring them to human serum, with and without the addition of FAC. Interestingly, we found that the TonB3 cluster was specifically induced when V. vulnificus was grown in human serum with the addition of at least 2 g/ml of FAC. The expression observed was more prominent at higher iron concentrations (Fig. 4A ) and when the cells were reaching late log phase or were already at stationary phase. When we performed the same experiment and included the lacZ fusions of the tonB1 and tonB2 promoter regions, we observed that these two clusters were induced when the cells were transferred from TSBS to human serum with the addition of just 2 g/ml of FAC or without the addition of any iron (approxi- (Fig. 4A) . These results indicate that at 2 g/ml FAC, the two TonB systems involved in heme and vulnibactin transport are expressed, while when FAC is added at concentrations of 20 g/ml and 200 g/ml, they are repressed (possibly due to the existence of non-transferrin-bound iron). With respect to the TonB3 system, the microarray results demonstrated that it is not induced at high iron concentrations. However, the gene is indeed induced in human serum when iron is added to allow growth. The question is whether this induction is due to the iron (or iron bound to any protein) or to another serum component. Since we also observed that holo-transferrin was not the inducer (see Fig. S4A in the supplemental material), we grew the cells carrying the VV10842-lacZ fusion in TSBS until an OD 600 of ϳ0.6 and then inoculated them in human serum without the addition of any iron. As shown in Fig. 4B , high ␤-galactosidase activities were obtained for the cells carrying the VV10842-lacZ fusion even though iron was not added. It is worth noticing that in the latter experiment, the cells grew faster and reached a higher CFU number than in the previous experiment with the same human serum. These results confirm that the induction is not triggered by the added iron but by a component present in human serum that acts when the bacteria reach late log or early stationary phase or a definite number of cells. We confirmed the results obtained with the transcriptional fusion by using RPA experiments with RNAs extracted from bacterial cells growing in human serum with the addition of 250 g/ml FAC (Fig. 1) . Furthermore, RT-PCR experiments established that the entire cluster is transcribed as an operon from a promoter located in front of the VV10842 gene. The transcriptional initiation start point was determined to be located at position Ϫ88 relative to the ATG by using RLM-RACE (data not shown).
(ii) The Tad systems. A cluster of genes induced under iron-limiting conditions has similarities to those for the tight adhesion system (Tad) described for Aggregatibacter (Actinobacillus) actinomycetemcomitans and Haemophilus ducreyi (Table  2) (51, 55, 61, 69) . Recently, the existence of three Tad systems in V. vulnificus was mentioned (69) , and according to our analysis, the other two clusters (named Tad-2 [VV20084 to VV20095] and Tad-3 [VV11745 to VV11758] in this report) did not show any transcriptional change as a function of the iron concentration in the medium. We extracted RNAs from wild-type cells growing under various iron concentrations and performed RPA experiments where we used the tadA gene of each locus as a probe. As can be observed in Fig. 5A and B (compare lanes TE, T, and TF for the wild-type strain), the Tad-1 cluster was the only Tad system under the control of the iron concentration of the medium. Thus, to test if the transcription was under the control of the Fur protein, we analyzed the transcription of the tadA1 gene from the Tad-1 cluster in a fur::pDM4 genetic background and compared it with that in the wild-type strain. Figure 5A shows that the tadA1 gene was When animals showed signs of disease, organs were removed and homogenized and bacterial cells were plated on TSAS-X-Gal plates. Bars represent the geometric mean CI value for each organ. Experiments were performed at least twice. *** , P Ͻ 0.0001. expressed under iron-rich conditions in the fur::pDM4 mutant strain, demonstrating that the cluster was under the control of iron in a Fur-dependent manner. When the other two clusters were analyzed in the same genetic background, no changes in transcription were observed, leaving Tad-1 as the only Tad system under the control of Fur (Fig. 5B) . We also confirmed that the entire Tad-1 cluster is transcribed as an operon, with the promoter region located upstream of a gene encoding a   FIG. 4 . Expression of the TonB1, TonB2, and TonB3 clusters of genes in human serum. The promoter region of each cluster was cloned in front of the promoterless lacZ gene in the pTL61T vector, and plasmids were conjugated into the ⌬lacZ strain. (A) Cells were grown in human serum (HS), human serum plus FAC at 2 g/ml (HS ϩ 2), human serum plus FAC at 20 g/ml (HS ϩ 20), and human serum plus FAC at 200 g/ml (HS ϩ 200), and samples were taken at different time points to determine ␤-galactosidase activities. Due to the turbidity of the human serum, OD 600 values were not recorded and activities were normalized to 10 6 CFU/ml. (B) Cells harboring the VV10842-lacZ fusion were grown in TSBS to an OD 600 of ϳ0.6 and inoculated in TSBS or human serum (HS), and samples were taken at different time points (T0, 0 h; T1, 1 h; and T3, 3 h) to determine ␤-galactosidase activities. Enzymatic activities were determined as described for panel A. The results shown in panels A and B are the means for at least three independent experiments, with standard deviations. putative pilin protein that is located upstream of VV12329 (see Fig. S5A and B in the supplemental material). As described recently (69) , this gene is not annotated in the CMCP6 genome but is annotated in the genome of V. vulnificus YJ016 (9). We further determined by using gel shift assays that Fur(His) 6 can also bind to the promoter region of the Tad-1 cluster of genes, although with an apparently lower affinity than that for the TonB1 and TonB2 promoter regions (Fig. 2C) . A putative Fur box binding sequence (13) was identified in this promoter region (data not shown).
We determined that the Tad-1 cluster does not play any role in the virulence of V. vulnificus by using LD 50 and CI experiments with both animal models ( Table 3 ; see Fig. S5C in the supplemental material).
(iii) Fur and RyhB. In previous sections, we reported that several genes are controlled by Fur, and hence, it was important to identify the role of Fur in the virulence of V. vulnificus. The LD 50 value for the fur null mutant obtained in the ironoverloaded mice was similar to that for the wild type (Table 3) , but using CI tests it was clear that the wild type outcompeted the fur::pDM4 ⌬lacZ mutant (Fig. 6A) in the organs analyzed (P Ͻ 0.0001). A possible explanation for these results is that the fur::pDM4 ⌬lacZ strain showed slower growth under ironlimiting conditions (Fig. 7A) , and as we have shown in the previous section, iron limitation might occur in the first stages of the infection. An alternative explanation might be that this mutant was cross-feeding the wild type with some still uncharacterized compound.
Another important player in iron regulation under the control of Fur is the small RNA (sRNA) RyhB (36) . This gene was previously identified in V. vulnificus by Mey et al. (38) , and it is located 331 bp from the 5Ј end of the VV10901 gene and 264 bp from the 3Ј end of VV10902. We constructed a ⌬ryhB mutant to evaluate the role of this gene in the growth of V. vulnificus at various iron concentrations and its role in virulence. It has been described previously for other bacteria that under iron-rich conditions Fur represses the transcription of ryhB, and in consequence, sodB, the target for this sRNA, can be transcribed (36, 38, 44, 72) . When iron is limiting, Fur cannot repress ryhB, and as result, this sRNA can be transcribed, increasing the degradation of the sodB mRNA. By using RPAs, we confirmed that ryhB in V. vulnificus is also under the control of Fur (see Fig. S6A in the supplemental material) and determined that ryhB controls the transcription of sodB according to the iron concentration of the medium (see Fig. S6B in the supplemental material) . Furthermore, in the absence of ryhB, we detected the sodB transcript under iron-limiting conditions. The ⌬ryhB mutant was unable to grow under iron-limiting conditions (50 M EDDA) (Fig. 7B) , although we could observe growth when the amount of EDDA was lowered to 30 M (data not shown), indicating that this sRNA plays an important role in the growth of V. vulnificus under these conditions. To complement the ⌬ryhB mutant with the wild-type ryhB gene in a low-copy-number plasmid, we determined its transcriptional start point by using RLM-RACE as described in Materials and Methods. As shown in Fig. 7B , the growth defect was relieved in the complemented strain with the pryhB plasmid, where the ryhB gene is under the control of the Ptac promoter. It was recently reported for E. coli that in a ryhB::cat mutant the intracellular levels of iron are lower than those in the wild type, while in a fur::kan mutant they are higher (21) . Since our V. vulnificus ⌬ryhB mutant was unable to grow under ironlimiting conditions, we tested if a double ⌬ryhB fur::pDM4 ⌬lacZ mutant can suppress this defect. As shown in Fig. 7A , this double mutant can grow under iron-limiting conditions at the same level as the wild type, suggesting that any growth defect due to the absence of this sRNA is restored by the absence of Fur.
Next, we determined the role of RyhB in the virulence of V. vulnificus by using s.c. inoculations in the iron-overloaded mouse model. LD 50 and CI experiments (Table 3 and Fig. 6B ) demonstrated that the ⌬ryhB ⌬lacZ mutant is affected in virulence, and we recovered lower numbers of cells than those of the wild-type strain already in the location surrounding the point of inoculation in the skin (P Ͻ 0.0001 for each organ analyzed). Figure 6D shows that the double ⌬ryhB fur::pDM4 ⌬lacZ mutant had the same phenotype as the single ⌬ryhB mutant, pointing out that the changes in virulence observed in the ⌬ryhB mutant cannot be ascribed only to the defect in growth observed for this strain under iron-limiting conditions. To confirm that the finding was due to the lack of expression of the ryhB gene and not to a secondary mutation present in the chromosome of this mutant, we also performed a virulence experiment using a complemented ⌬ryhB mutant strain. To anticipate the possibility that the pryhB plasmid could be lost during the infection, we cloned the wild-type ryhB gene with its own promoter in the lacZ locus in the chromosome of V. vulnificus as described in Materials and Methods. In this construct, the ryhB gene is expressed ectopically from the chromosome, and as observed for the strain complemented with the ryhB gene expressed from a plasmid, the strain can grow under iron-limiting conditions, although with a slightly different growth rate from that of the wild type (Fig. 7B) . This complemented strain showed a lower LD 50 value than the mutant, but we still did not observe a full restoration to the wild-type level (Table 3 ). In fact, the 95% confidence limits of the LD 50 values obtained for the complemented strain overlapped with those obtained for the wild-type strain and the mutant. It is worth noticing that from the growth curves for iron-limiting conditions we did not observe a complete restoration of the wild-type phenotype either, indicating that another factor(s) must be missing in the complementation experiments. Figure 6C shows that in CI experiments we recovered similar numbers of cells from the complemented strain to those obtained from the wild type for the different organs, confirming the virulence-enhancing role of ryhB in V. vulnificus infections. We then performed Student t tests contrasting the CI values obtained for the ⌬ryhB ⌬lacZ mutant strain with those for the ⌬ryhB lacZ::ryhB strain, confirming the statistically significant difference between the strains (P Ͻ 0.02 for skin and spleen and P Ͻ 0.003 for liver). In summary, the attenuated virulence phenotype observed for the ⌬ryhB mutant of V. vulnificus is possibly due to the growth defect observed in this mutant under iron-limiting conditions, since iron transport is essential in the first stages of infection (see above). However, the facts that the double ⌬ryhB fur::pDM4 ⌬lacZ mutant recovered growth under iron-limiting conditions and that this strain still showed a higher LD 50 value than the wild type imply that other genes involved in the virulence of V. vulnificus may directly or indirectly be under the control of ryhB.
Genes belonging to group ii (common genes induced in TSBS and TSBS plus FAC).
In the group of genes induced in TSBS and TSBS plus FAC, we clustered those that showed at least twofold induction under both conditions compared with the sample coming from cells growing in TSBS plus EDDA. We determined that four genes were found to be consistently upregulated under both conditions (low-iron and iron-rich conditions, in contrast to iron-limiting conditions) ( Table 4) . Of those genes, we further studied VV12114 and VV10642.
VV12114 codes for an outer membrane porin that shows similarity to a limited range of outer membrane porins, such as OmpH from Photobacterium profundum (CAA47466) and a porin-like protein H precursor in Vibrio augustum S14 (EAS64080.1). RPA experiments performed to validate our microarray analysis (see Fig. S7 in the supplemental material) clearly showed that this gene is upregulated under low-iron (TSBS) and iron-rich (TSBS plus FAC) conditions. The ⌬ompH mutant showed an LD 50 value similar to that of the wild type (Table 3 ) when s.c. inoculations were performed; however, when CI experiments were conducted, the mutant was outcompeted by the wild type in all three organs analyzed (P Ͻ 0.0001) (Fig. 8) , indicating that this protein could be involved in the multiplication of V. vulnificus in the iron-overloaded animals. To confirm that there are no secondary mutations in the mutant analyzed, we constructed a new mutant strain, the ompH::pDM4 mutant, where the gene is interrupted with the pDM4 suicide vector and the wild-type gene is regenerated as described in Materials and Methods, with the suicide vector being excised. As shown in Fig. 8 , the restored strain had a similar CI to that of the wild type, confirming that the mutation of this gene rather than a secondary mutation is responsible for the phenotype observed. In addition, a t test performed between the CI values obtained for the ompH:: pDM4 mutant and those of the ompH rescued strain confirmed the statistical significance of the values obtained (Fig.  8) . Since the downstream gene is not transcribed together with ompH, as determined by RT-PCR (data not shown), the pDM4 suicide vector integrated in this gene does not have any polar effect.
The outer membrane of gram-negative bacteria is an effective permeability barrier, allowing only limited diffusion of hydrophobic compounds. It has been described that mutants with a defective outer membrane typically show hypersensitivity toward hydrophobic compounds, anionic or neutral detergents, and cationic peptides. Thus, we assessed whether this outer membrane protein has a role in resistance of V. vulnificus to SDS and polymyxin B. When we challenged the wild type, the ompH::pDM4 mutant, and the original ⌬ompH mutant with different SDS concentrations, we found that both ompH mutants were more sensitive to this detergent, indicating changes in the properties of the outer membrane in this strain (Fig. 9A) . When the sensitivity in the ompH rescued strain was evaluated, similar values to those obtained with the wild type were observed (Fig. 9A) .
Since antimicrobial peptides can also target the outer membrane of V. vulnificus, we evaluated the sensitivities of the wild type and the ompH::pDM4 mutant to polymyxin B. Exposure of ompH mutant bacteria to this peptide resulted in an increase in the sensitivity compared to that of the wild type (P Ͻ 0.05), corroborating that this mutant is affected in its outer membrane properties (Fig. 9B) . The evaluation of the rescued strain gave similar values to those obtained with the wild type, demonstrating the role of this protein in the resistance to this antimicrobial peptide.
(i) VV10642. VV10642 (glmR) codes for a protein with similarities to the DeoR family of transcriptional regulators, some of which control sugar or amino sugar metabolism, such as GlmR, a transcriptional regulator from Pseudomonas aeruginosa PAO1 (53) (68% identity and 78% similarity). Downstream of VV10642 resides the VV10641 gene (induced in the presence of TSBS plus FAC), whose product has similarities to glucosamine-fructose-6-phosphate aminotransferase, encoded by the glmS gene in many gram-negative and -positive bacteria, which is involved in amino sugar biosynthesis. In addition, both genes are part of the same operon, as demonstrated by RT-PCR (data not shown). Transcriptional analysis performed by RPA with RNAs extracted from the wild-type strain growing at various iron concentrations confirmed the iron regulation observed in the microarray experiments (Fig. 10A , compare lanes TE and TF). We also constructed an in-frame glmR deletion mutant and extracted RNAs from cells growing under iron-rich (TSBS plus FAC) and iron-limiting (TSBS plus EDDA) conditions. As can be observed in Fig. 10A , in the absence of glmR the expression of glmS is deregulated in the mutant in comparison with that in the wild type, suggesting that GlmR controls the expression of glmS. This finding was confirmed by performing a similar analysis with RNAs extracted from cells of the ⌬glmR mutant complemented with the glmR gene in the pMMB208 vector. As a control, we used RNAs extracted from cells harboring the empty vector. From Fig. 10A , it is clear that the expression in trans of the glmR gene restored the repression of the glmS gene under both growth conditions analyzed (TSBS plus EDDA and TSBS plus FAC). In this case, we did not observe iron regulation of the glmS gene in the presence of glmR, possibly due to the overexpression of the latter gene, which could lead to an imbalance of any substrate that can be sensed by this protein (e.g., glucosamine 6-phosphate or Nacetylglucosamine). The LD 50 value for this mutant obtained after s.c. inoculation did not show any difference from that for the wild type in the iron-overloaded mouse model (Table 3) . However, we observed a different CI, with a significant increase in the CFU counts of the mutant compared with the wild type, when CI obtained for the spleen were contrasted with those obtained for the skin (P Ͻ 0.01) and liver (P Ͻ 0.02) (Fig. 10B) . We also confirmed that the CI obtained from the spleen is significantly different from 1 (P ϭ 0.0343). Genes belonging to group iii (genes induced either in TSBS or in TSBS plus FAC). We then analyzed the expression of genes under TSBS-plus-EDDA induction and compared it with that of genes under TSBS and TSBS-plus-FAC induction, focusing on those genes that appeared to be induced under only one of the iron-containing conditions. We determined that 62 genes that belong to different categories (Table 5) were specifically induced under the condition of a high iron concentration (i.e., TSBS plus FAC). Interestingly, those genes that code for flagellar proteins, which are virulence factors in V. vulnificus (28) , were induced under these growth conditions. Two other genes, VV11712 and VV11713, which code for putative collagenases, were also induced in the presence of a (60), we determined the involvement of these genes in the virulence of this bacterium by constructing a ⌬VV11712 ⌬VV11713 double mutant. LD 50 experiments showed that there were no changes between the wild type and the double mutant when s.c. inoculations were analyzed in both animal models (i.e., iron-overloaded mice and mice with normal iron levels) (Table 3 ). In addition, CI experiments showed similar values to those for the wild type (i.e., ϳ1), but in this case, we cannot exclude the possibility that collagenases expressed by the wild type cross-fed the mutant, helping it during the invasion. Other genes that were also induced under these conditions included those that encode proteins involved in oxidative phosphorylation and those involved in purine and pyrimidine biosynthesis. The latter could also reflect a rapid synthesis of nucleic acids needed for rapid replication of the cells in the presence of iron, as we observed a shorter doubling time for these samples than for the iron-limited sample (TSBS plus EDDA). Under low-iron conditions (i.e., TSBS), we found 171 genes (see Table S8 in the supplemental material) that were exclusively upregulated. These genes belong to different categories, including those that code for ABC transporters, sugar transporters, and ion transporters as well as proteins involved in general metabolism and those with a putative function in peptidoglycan and galactose biosynthesis. An interesting feature of this group is the presence of at least 12 genes that code for putative transcriptional regulators, with 5 genes that encode putative histidine kinases or serine/threonine protein kinases and several methyl-accepting proteins that would be involved in chemotaxis. One of the most remarkable common themes in this list of genes is that they belong to the group of general transcriptional regulators or response regulators, which would indicate that they can sense the environment where V. vulnificus is growing.
DISCUSSION
V. vulnificus can cause severe septicemia in individuals with high levels of iron in serum and in those with liver disease (17, 30) . However, at present, there is very scant information on how gene expression influences the physiology and virulence of this bacterium at different iron concentrations. In this work, we investigated the role of genes induced under iron limitation in the iron-overloaded mouse model and report the finding of new genes with putative roles in virulence that are expressed only under iron-rich conditions. In this group, except for the genes that code for flagella, we did not find any correlation between the expression of the already well-known virulence factors, such as pili, HlyU, RtxA1, TdkA, and capsule, and the iron content in the medium. This could indicate that a high iron concentration influences the physiology of this bacterium in a very general way, whereas other signals in the host might also contribute to the triggering of virulence.
The iron-overloaded animal model has been used to study V. vulnificus infections due to the similarities observed with susceptible individuals; however, the influence of the vulnibactin system on virulence was examined in the non-iron-treated mouse (34) . Moreover, strains unable to take iron from trans- ferrin had been shown to have reduced virulence in the ironoverloaded mouse model; however, those strains also showed differences in other characteristics, such as serum sensitivity and hemolysin production, making it hard to assign the uptake of vulnibactin as the only virulence factor involved (64) . Thus, understanding the importance of the siderophore in the virulence of V. vulnificus in the iron-overloaded mouse model has remained elusive. In this work, we evaluated the virulence of a double ⌬tonB1 ⌬tonB2 mutant and a ⌬venB mutant (vulnibactin biosynthesis mutant) in both animal models (i.e., ironoverloaded and nontreated animals) by using both i.p. and s.c. inoculations. Independent of the mutants tested, using the s.c. route and the iron-overloaded model, dramatic changes in LD 50 values (ϳ3 log) were observed. In addition, when we performed s.c. infections and quantified them by using CI tests, we were able to establish that iron transport is essential during the first stages of the infection, since we recovered fewer cells from the mutants in the tonB1 and tonB2 systems at the injection site with that animal model. Conversely, we detected only slight differences in LD 50 values compared with that of the wild type by using i.p. inoculations in the iron-overloaded animals, suggesting that these mutants still have rapid access to the bloodstream, causing a fulminant septicemia. In a recent study, Adams et al. (1) determined that parenteral iron inoculation in mice increases the iron content in the epidermis and dermis at a high iron dose (5 mg). We did not measure the iron concentration in the skin of the animals used in this study, but our results demonstrate that one of the components involved in the fast replication of V. vulnificus in that organ, previously observed by Starks et al. (62, 63) , is the active transport of iron (which may be mainly from transferrin), as demonstrated by the involvement of the tonB genes, which is still crucial for a successful infection in this animal model. It is worth noticing that in iron-overloaded animals the wild-type strain can establish a rapid infection and that the LD 50 value is 4 to 5 log smaller than that for non-iron-treated animals. We believe that the paradoxical necessity of an iron transport system in an iron-overloaded animal could be explained in the context of the more natural route of infection provided by s.c. inoculations. Using this route, bacteria need to replicate in the skin and cross many tissue barriers to multiply and cause fatal septicemia. Expression of the TonB3 cluster occurs only when the bacterium grows in human serum, but we have not been able to characterize the metabolic and/or energetic steps in which TonB3 plays a role which could be involved in other active transport processes (4, 45, 54) . Moreover, a TonB-dependent receptor was described for N. gonorrhoeae and is induced when the bacterium is growing in the presence of either eukaryotic cells or bovine serum (18) .
Our finding that one of the Tad gene clusters present in V. vulnificus is under the control of iron in a Fur-dependent manner leaves open the possibility that iron controls the adhesion of V. vulnificus to various biotic and abiotic surfaces, such as those that the organism finds in the environment (e.g., oysters or exoskeleton) or those in the host. It was previously on August 29, 2017 by guest http://iai.asm.org/ described that flagella and type IV pili are important virulence factors in this bacterium and are also important for biofilm formation and adhesion (28, 47, 48) . We showed in our study that several genes encoding flagellar proteins were induced under iron-rich conditions, and thus it is tempting to speculate that during the infection process the expression of these genes allows V. vulnificus to move from a low-iron to a high-iron environment.
We have also demonstrated that the sRNA RyhB is an essential component in the virulence repertoire of this bacterium. Previously, Murphy and Payne (44) showed that RyhB controls the transcription of several virulence factors in Shigella dysenteriae, but a direct measurement of virulence in an animal model was not assessed. Our results using the ironoverloaded animal model are, to our knowledge, the first report showing that this type of sRNA is directly involved in the virulence of a pathogen. One of the possible reasons for the attenuated virulence phenotype observed for the ⌬ryhB mutant of V. vulnificus could be ascribed to the growth defect observed in this mutant under iron-limiting conditions. However, the facts that the double ⌬ryhB fur::pDM4 ⌬lacZ mutant recovered growth under iron-limiting conditions and that this strain is still attenuated in virulence imply that other genes involved in the virulence of V. vulnificus may directly or indirectly be under the control of ryhB. An alternative explanation could be that the iron-limiting conditions found for the microorganism inside the animal are different from those analyzed by us in vitro. Experiments to elucidate the role of ryhB in V. vulnificus infections are in progress.
Our results also indicate that in addition to iron limitation, this bacterium senses other iron concentrations for the induction of gene expression. Thus, at the iron concentration found in TSBS (1 g Fe/ml), several transcriptional regulators were upregulated, as were genes encoding proteins involved in chemotaxis and putative histidine kinase or serine/threonine protein kinases. Genes that were induced only at high iron concentrations (TSBS plus FAC) included those encoding proteins involved in oxidative phosphorylation and purine and pyrimidine biosynthesis as well as those involved in oxidative stress, such as that for superoxide dismutase. There was thus a clear difference from those that were induced or expressed at lower iron concentrations (TSBS) or under iron limitation (TSBS plus EDDA).
In this work, we focused on genes that showed a clear induction in both TSBS and TSBS plus FAC compared with their expression in TSBS plus EDDA (iron limitation), since they represent clear targets for understanding the physiology of V. vulnificus growing in the presence of at least 1 g Fe/ml. A gene that showed a definite increase in transcription in the presence of iron was VV12114, named ompH here. Mutations in this gene resulted in changes in the biological characteristics of the envelope of the mutant, making this strain sensitive to SDS and polymyxin B. The CI experiments performed using this mutant confirmed that those characteristics are important for the progress of the disease. Our results strongly support the idea that the induction of this gene is needed for V. vulnificus to overcome the response of the host to the infection. The other pair of genes that gave us important clues about the relevance of iron in the physiology of V. vulnificus was glmR and glmS. The enhanced tropism for the spleen observed in the ⌬glmR mutant would indicate a role for this gene (and the genes under its control) in the virulence of V. vulnificus. It is worth mentioning that GlmS has a key role in the hexosamine pathway by catalyzing the synthesis of glucosamine 6-phosphate from fructose 6-phosphate and glucosamine in gramnegative and gram-positive bacteria (52) . This reaction, essential in the absence of external amino sugars, is involved in the synthesis of precursors of both lipopolysaccharide and peptidoglycan.
Lastly, an important outcome of our work is the use of CI as a tool to evaluate the virulence of mutants that do not show significant differences in LD 50 values and cannot be cross-fed in vivo by the wild type (or vice versa).
